Formation and propagation of internal waves have recently become of interest to ocean acoustics community, since the propagation of internal waves in a shallow water waveguide plays an important role in intensity fluctuations of acoustic signals [J. Acoust. Soc. Am. 112(2), 747-760, 2007 and J. Acoust. Soc. Am. 129,EL141-EL147, 2011]. Modeling the acoustic field in these regions requires detailed knowledge of sound speed and its spatial and temporal variability resulting from propagating internal waves. Although satellite imagery can provide snapshots of the surface impressions of the internal waves, due to under sampling in time (limited images in each orbit) other techniques to obtain the time varying, three-dimensional (3D) internal wave field are desirable. An example to obtain a time-varying, 3D internal wave field is presented in this paper. The internal wave fine structure is reconstructed using simultaneous measurement of temperature data using thermistor arrays and the surface impressions of a moving internal wave packet using a ship's radar during the Shallow Water 2006 experiment. The resulting temperature field induced by the internal waves is used as environmental input to a 3D acoustic model to study the effects of internal wave on acoustic propagation.
INTRODUCTION
Internal waves are a common oceanic process on the continental shelf cause by strong tides and stratification that occur over irregular topography (Apel, 1997) . The formation and propagation of internal waves have become of interest in the ocean acoustics community because presence of internal waves plays an important role affecting acoustic propagation (Apel, 1997 and . It is commonly recognized in the acoustics community that accurate and adequate sampling of the ocean environment is critical to predictions of the acoustic fluctuations. This is especially true for studies of acoustic interactions with internal waves in shallow water regions (Preisig and Duda, 1997) . The reasons are two folded: 1) complicated interactions between acoustics and internal waves and 2) the complexity and nonlinearity of the internal wave generation and propagation mechanisms. Early studies showed drastic large fluctuations resulting from acoustic propagation through the internal wave field (Zhou et. al., 1991) . Such intensity fluctuations later were shown through experimental observation to have a strong dependence on the angle between the acoustic track and the internal wave propagation direction (Badiey et. al., 2002 (Badiey et. al., , 2005 (Badiey et. al., , 2007 . The internal waves can horizontally refract (or reflect) sound, in a way similar to what is known as the Lloyd's mirror effect (Lynch et. al., 2006 , Badiey et. al., 2011 , and McMahan et. al., 2012 in waveguides. In all these studies, simplified geometry of internal wave fronts was assumed to make the physical understanding for theoretical and modeling results. Recently, the curvature of internal waves was shown to be critical in acoustic ducting effects (Lin et. al., 2012) , where the need for high-fidelity environmental data was emphasized for acoustic modeling in the presence of internal waves.
Acoustic variability in the internal wave field requires detailed knowledge of spatial and temporal evolution of the sound speed field induced by internal waves. However, detailed mapping of the internal waves remains a challenging research topic, due to the spatial dimensions and nonlinear dynamics of internal waves. Satellite optical sensors and synthetic aperture radars (SARs) are widely used to provide synoptic images of the internal waves in the oceans. While satellite and airborne remote sensing techniques can generate important parameters (such as the wave propagation direction, number of solitons per wave packet, etc.), these observations cannot provide information on temporal evolution of internal wave packets since they are severely under-sampled in time. Recently, ship-based XBand radars have been used to extract time evolving surface signature of internal waves (Ramos, 2009) , however, without information along the depth dimension.
Here we present a combination of two strategies for mapping of a propagating internal wave packet in shallow water, based on the Shallow Water 2006 (SW06) experiment. During the SW06 experiment, comprehensive measurements were collected to map internal waves including satellite images, temperature profiles recorded by a dense thermistor farm, radar images of ship X band radars, moored and ship-based ADCPs, and wind data. We focus on utilizing two components of the SW06 measurements: temperature records from the thermistor farm and the radar images of the propagating internal waves. Based on the simultaneously measured temperature field and ship radar images overlaid on the thermistor strings, detailed reconstruction of propagating internal waves is shown.
INTERNAL WAVE OBSERVATIONS DURING SW06 EXPERIMENT
The SW06 experiment was a large-scale, multi-institutional experiment conducted on the New Jersey continental shelf to study internal wave impacts on acoustic propagation (Newhall et al., 2007) . A satellite image taken on August 13, 2006 shows spatial variation of the internal wave propagation from a snapshot (see Fig. 1 ). After they initiate at the shelf break region, internal wave packets form a train and depending on parameters such as the region's bathymetry, the tide cycle, the stratification of water column at the origin, and the strength of tidal forcing, they either form an organized packet, refracted and diffracted wave fronts, or a combination of these. Some times two or more wave packets can interfere with each other while propagating and form complicated nonlinear traveling waves. These can cause a highly anisotropic sound speed profile that acts similar to an imperfect lens in studying optics. The internal wave fronts inside circles (I), (II), and (III) in Fig. 1(a) show some of these pronounced features (e.g. interference and bifurcation). Temporal and spatial variability in water column cause sound intensity fluctuations very similar to what is observed in the field of optics with lenses and interferometry of light signals propagating through them. Although the satellite image can provide synoptic information over a large area, it is usually available for one snap shot per day. Here we show in-situ measurements of temperature sensors and ship-based radars. Figure 1 (b) shows the thermistor farm region (4 km by 4 km) with 18 thermistor arrays spanning the thermocline overlaid by the radar image taken aboard RV Oceanus at 22:36:00 GMT on August 17, 2006 during the SW06 experiment. These sensors recorded the water column temperature profiles every 30 seconds over two-month period. Figure 2 shows the same event measured on 5 thermistor arrays along a track passing through thermistor numbers 54, 15, 12, 9, and 5 respectively. It is noticed that as the internal wave travels from thermistor number 54 at the south corner, to the upper corner, towards thermistor number 5, the solitons within the packet separate from each other changing from an interfering structure to an organized wave front pattern forming distinct acoustic ducts. 
INTERPOLATION OF THE TEMPERATURE FIELD WITHIN THERMISTOR FARM
Availability of temperature profiles obtained by the dense thermistor strings enables us to obtain the internal wave evolution using an interpolation technique within a finite region containing thermistor sensors. By assuming constant internal wave speed in the region, the arrival time of its fronts at each thermistor sting can be identified from the peak of the recorded temperature data. Knowing the arrival times of the internal wave front at three neighboring locations (e.g. numbers 54, 16 and 17 respectively), the temperature inside the triangle is interpolated using the weighted temperatures at the three vertexes of the triangle. v is the internal wave speed along the track i. The area covered by the thermistor strings was divided into 24 triangles shown in Fig. 1(b) . The internal wave evolution was reconstructed using Eq. (1). Figure 3 (a) shows the interpolated thermistor data at the depth of 28.5m for geotime 22:36:00 GMT on August 17, 2006 during the propagation of internal wave packet through the thermistor farm. Fig. 3 (b) shows the side view of the interpolated temperature field along the track connecting the thermistors 54, 15, 12, 9, and 5. The integrated radar return from the sea surface is also shown as red line. Except for the first wave front showing a distinctly stronger feature, the follow on wave fronts have a mixed spatial structure with various degrees of curvature, interference, and bifurcation. These are similar to what is observed in satellite pictures (see Fig. 1(a) ). 
COMBINING RADAR IMAGES WITH TEMPERATURE PROFILES
While thermistor arrays provide depth dependent data collection capability, they provide a very limited coverage for acoustically significant ranges. Combined with other methods that have larger spatial domain, such as the ship's radar for example, propagation of internal waves over a relatively large region can be reconstructed. Here, we use the SW06 measurements to demonstrate this strategy. Fig. 4 (a) shows the ship radar image overlaid with the interpolated temperature field. The extension of the first five internal wave fronts (blue dashed dot lines) obtained from the radar image (fourth order polynomial fitting) is in good agreement with the interpolated temperature result. This correspondence of the internal wave fronts can be explained by the theoretical model (Apel, 1976) .
Since the agreement of sea surface impressions of the internal wave fronts shown in Fig. 3 from the thermistors and the radar backscatter is reasonable, we extend the curvature of internal wave fronts inside the thermistor farm to the larger area under the radar coverage to extend the depth structure of the internal waves. Assuming the temperature profiles along the internal wave fronts under the radar image are the same, we can extrapolate the temperature field and obtain the re-constructed field shown in Fig. 4(a) . For comparison we may also use the straight internal wave front assumption (used in many previous studies) resulting in the temperature field shown in Fig. 4(b) . 
EFFECTS OF INTERNAL WAVE ON 3D ACOUSTIC PROPAGATION
To study the effects of internal waves on 3D acoustic propagation, we ran a 3D PE model using two reconstructed temperature fields (curved and straight line wave fronts) as environmental inputs shown in Figure 4 . The source location (39.0025, -73.0919) is shown as a green star in Figure 5 . The source depth is 68.5m, which is 10m above the bottom. As expected, the resulting integrated acoustic intensity (shown in Fig. 5 ) exhibits strong azimuthal dependence in both cases. However, the largest difference between the integrated acoustic intensity for the two environment inputs is more than 10dB indicating the internal wave curvature a very important feature to take into account in 3D acoustic propagation. 
SUMMARY
Here we present an observation-based strategy to re-construct the fine structure of time-evolving internal wave field over a relatively large region (about 10 km by 10 km). This strategy mainly utilizes two types of measurements that were collected simultaneously: dense observations from multiple thermistor strings and images from a shipbased X-band radar. The former provides temperature profiles over time when the internal waves pass through the mooring region. The latter provides surface impressions of the propagating internal waves when the waves travel inshore. Using data from the SW06 experiment, we show that the combined strategy can provide reconstruction of propagating internal waves in the continental shelf. The curvature of the internal waves and other dynamic features were replicated. Further, 3D acoustic parabolic equation modeling was applied onto the reconstructed environmental data of internal wave field. It is shown that the realistic reconstructed environmental data can substantially change the intensity of the 3D predicted acoustic field when compared with a simplified straight line internal wave model.
